We propose a data-driven method for realistic texture rendering on an electrovibration display. To compensate the nonlinear dynamics of an electrovibration display, we use nonlinear autoregressive with external input (NARX) neural networks as an inverse dynamics model of an electrovibration display. The neural networks are trained with lateral forces resulting from actuating the display with a pseudo-random binary signal (PRBS). The lateral forces collected from the textured surface with various scanning velocities and normal forces are fed into the neural network to generate the actuation signal for the display. For arbitrary scanning velocity and normal force, we apply the two-step interpolation scheme between the closest neighbors in the velocity-force grid.
INTRODUCTION
Texture rendering has been one of the challenging topics in the haptics community. Realistic haptic texture rendering provides rich information and improves user experience. With the introduction of variable friction displays, new possibilities have emerged in haptic texture rendering on touchscreens. In this research, we used an electrovibration display to provide realistic texture to a user using a touch screen. Electrovibration Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for third-party components of this work must be honored. For all other uses, contact the owner/author(s). display can increase surface friction by modulating attractive electrostatic force [2, 9] . Data-driven, or measurement-based haptic rendering, is a general approach that uses recordings from real objects to generate realistic haptic feedback in virtual environments [3, 11] . It provides a unified framework to capture and display a diverse range of physical phenomena, while not requiring simulations of complex contact dynamics. There have been many studies for data-driven texture rendering, but little work has been done on data-driven texture rendering using electrovibration displays. Our goal is to apply the general paradigm of datadriven rendering to texture rendering using an electrovibration display.
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DATA COLLECTION
We used the motorized linear tribometer in [10] for precise force measurement ( Fig. 1 ). It consists of two parts: a moving platform and a measurement stylus. A mass component at the top adjust the total weight of the stylus and hence the normal pressure. The shaft is supported by a linear bearing and attached to the motor carriage using an aluminum link.
In this study, the data was taken under nine experimental conditions: three scanning speeds (3, 4, and 5 cm/s) and three vertical pressures (60, 85, and 110 g). We applied a highpass filter to the collected force data with a cut-off frequency of 10 Hz to remove the different DC biases the force sensor encountered during moving left or right.
To this end, we collect lateral forces from the surface of real materials using our tribometer under different scanning velocities and normal forces. We input each force reading to the corresponding trained neural network to generate a PRBS-like actuation signal. The estimated actuation signal attempts to recreate similar texture patterns to the real material, however, these signals are only applicable to the same experimental conditions under which they were obtained.
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TEXTURE MODEL
We developed a model that describes the dynamics relationship between the input actuation signal and the output frictional force for electrovibration display. We follow a classic system identification procedure to estimate the system model based on observed input-output data. As for our electrovibration display, the input is actuation signal u[n] , and the output is lateral force f l [n]. Since an electrovibration display exhibits considerable nonlinearity in its behavior [4, 8] , nonlinear basis models such as neural networks are appropriate for system identification. We use a PRBS which is widely used for identification of linear system [7] .
With the PRBS in hand, we can actuate the panel with it and record resulting lateral forces using our tribometer. In order to provide a proper framework to build a model among the observed variables, we use a NARX neural network [5] . We train inverse neural networks for different lateral scanning velocities and normal forces. We obtain one neural network for each combination of scanning velocity and normal force. These inverse neural networks enable us to synthesize actuation signals for a texture material scanned under the same experimental condition.
INTERPOLATION SCHEME
For the conditions with arbitrary scanning velocity and normal force, we require an interpolation scheme to estimate the actuation signal. Linear interpolation between the neighborhood signals does not always produce satisfactory results [10] . The problem comes from the spectra of individual components being linearly combined by Fourier transform. A straightforward solution to this problem could be shifting the spectra in the frequency domain. Shifting in the frequency domain can be done by re-sampling in the time domain. The degree of re-sampling is determined by decimation factor [6] .
The re-sampling process requires us to know the desired frequency that we intend to land. We found a linear relationship between the frequency of the main spectral component and the corresponding scanning velocity with experiments. Therefore, we use scanning velocities to replace of frequencies.
We design a two-step interpolation scheme to generate actuation signal for arbitrary scanning velocity and normal force (Fig. 2) . First, we obtain a signal from the nodes with the same scanning velocity but different masses. Second, we re-sample the newly generated signals to the desired frequency (scanning velocity) and then take weighted average.
EVALUATION
We use a capacitive touch panel (MicroTouch SCT3250, 3M, USA) to make an electrovibration display (Fig. 3) . It consists of a transparent conductive layer coated with a thin insulator on top of a thick glass plate.
We examined the similarity between the virtual forces generated by the synthesized PRBS-like actuation signals and the real texture forces. We rely on frequency spectra for visual comparison and a relative spectral rms error E s [1] for objective evaluation. For that, we collected force data using tribometer from six texture samples shown in Fig. 4 . The best and the worst cases are shown in Fig. 5 . The average E s across all the materials was 0.42 with the standard deviation 0.13. The three best materials (dotted sheet, painting canvas,
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DEMONSTRATION
In this demonstration, we prepared six textures: dotted sheet, chair fabric, felt fabric, painting canvas, transparent plastic sheet, and scrunched paper ( Fig. 4 ). We will provide both virtual textures and real materials for comparing the similarity between them.
CONCLUSION
We presented a neural network-based data-driven method for realistic texture rendering on an electrovibration display. Our intention was to build an inverse dynamic model for the electrovibration display. To this end, we applied a full-band PRBS signal to the display and collected resulting forces under known normal force and scanning velocity conditions. Then, we inversely trained NARX neural networks to learn from the forces and mimic the actuation signals. We used the trained network to estimate an actuation signal from the forces collected from the surface of a real material under a given condition. For arbitrary conditions, we proposed a two-step interpolation scheme to estimate an actuation signal from the ones generated under known conditions. Comparing the rendered forces with the real ones, we showed promising agreement between their corresponding frequency spectra.
